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Introduction 

The  focus  of  the  program  is  the  development  and  application  of  an 
algorithm  for  studying  charge  transport  in  low  temperature  gallium  arsenide  (LT 
GaAs)  buffer  layers  and  the  influence  of  such  layers  on  device  operation.  During 
this  reporting  period  the  drift  and  diffusion  equations  were  modified  to  include  the 
transient  trap  dependence  of  electrons  and  holes  for  gallium  arsenide.  Calculations 
were  performed  for  two  terminal,  one  and  two  dimensional  structures.  Studies  with 
the  one  dimension  1  structures  focussed  on  the  trap  kinetic.  The  two  dimensional 
studies  represent  a  first  attempt  to  examine  the  effects  of  clusters  on  transport 
through  the  LT  GaAs. 

The  one  dimensional  studies  are  very  briefly  summarized,  as  the  results 
were  presented  at  the  recent  MRS  symposium  on  LT  materials,  and  will  appear  in 
the  conference  proceedings.  A  copy  of  the  paper  accompanies  this  report  The 
newer  clustering  results  are  also  included.  We  note  that  these  results  are  very 
preliminary  and  are  included  to  indicate  the  fiiture  direction  of  our  LT  studies. 

One  Dimensional,  Tvm-Terminal  Studies 

The  device  studied  was  a  three  micron  N  (LT)N  structure  with  N + 
regions  characterized  by  shallow  donors  at  lO^^/cm^.  The  LT  region  was 
characterized  by  a  single  level  of  acceptor  traps  of  density  P^,  located  03  ev  above 
the  valence  band,  and  a  single  level  of  donor  traps  N^j  located  at  0.83  ev  below  the 
conduction  band.  The  results  were  placed  in  two  categories:  (a)  Highly  resistive  LT 
regions  ( >  10*^  ohm  -  cm)  with  very  low  current  levels  and  sudden  breakdown,  and 
(b)  higher  current  levels  with  gradual  breakdown. 

The  high  resistivity  results  generally  occurred  for  donor  concentrations  in 
excess  of  acceptor  concentrations,  with  the  ionized  donor  and  acceptor  traps 
sustaining  approximate  compensatioiL  The  presence  of  acceptor  traps  in  the  LT 
region  and  at  the  boundary  of  the  LT/N*^  cladding  regions,  results  in  the  presence 
of  PN  junction-type  behavior,  and  a  local  high  value  of  electric  field.  Breakdown 
originates  at  this  interface.  The  details  of  these  results  are  contained  in  the  attached 
paper. 
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Two  Dimensional,  Two-Terminal  Studies 

The  device  studied  was  a  three  micron  N  (LT)N  structure  with  N  "*■ 
regions  characterized  by  shallow  donors  at  lO^cm^.  The  N  regions  were  heavily 
doped  to  provide  highly  conductive  contacts  to  the  LT  region.  The  LT  region  was 
made  up  of  clusters  of  traps.  Experimental  estimates  of  the  cluster  radius  are  3nm, 
with  a  cluster  density  of  lO^^/cm^. 

The  initial  simulations  did  not  attempt  to  simulate  the  experimental  size 
of  the  actual  cluster  configuration.  Rather,  an  attempt  was  made  to  determine 
whether  clusters  could  be  studied,  and  what  their  properties  were.  If  success  could 
be  achieved  with  simulating  the  presence  of  cluster,  the  structure  and  the  mesh 
would  be  modified  to  simulate  realistic  structure  configuration.  Thus  the  simulated 
cluster  dominated  structure  was  scaled  up  to  a  radius  of  SOnm,  which  is  an  order  of 
magnitude  larger  than  the  experimental  estimates  of  cluster  radius. 

Simulations  were  carried  out  for  bias  levels  of  1.0,  5.0  and  20.0  volts. 
The  5.0  volt  results  are  displayed  below.  It  was  determined  that  at  low  bias  levels 
electrons  are  injected  into  the  LT  region  where  they  are  captured  by  the  deep 
acceptor  traps.  As  the  acceptor  traps  become  ionized,  the  current  level,  which  was 
very  small,  shows  a  further  reduction  as  the  ionized  acceptor  clusters  show  local 
spherical  Schottlqr-type  behavior.  That  is,  local  regions  of  charge  depletion  surround 
the  clusters  and  tend  to  prevent  the  passage  of  charge  transport  and  current  to  flow. 
Once  the  traps  within  the  clusters  were  ionized  the  LT  region  became  highly 
insulating. 

Avalanche  breakdown  effects  were  not  included  in  the  present 
simulations.  However,  previous  experience  with  the  one  dimensional  LT  structures 
indicates  that  if  the  bias  is  sufficiently  high  the  device  will  breakdown.  We  cannot 
predict,  at  this  point  whether  breakdown  in  the  presence  of  clusters  will  occur  at 
higher  or  lower  bias  levels. 

Figure  1  displays  the  distribution  of  ionized  acceptors  in  the  N+LTN  + 
structure  at  a  bias  of  5  volts.  The  clusters  closest  to  the  cathode  were  the  first  to  be 
ionized.  Note  that  the  ionization  is  greatest  at  the  center  of  the  cluster. 

Figure  2  displays  the  distribution  of  electrons  at  this  same  bias  level.  The 
electrons  are  locally  absent  from  the  cluster  regions. 

Figure  3  displays  the  potential  contours  in  the  structure.  While  the 
choice  of  contour  values  does  not  reflect  the  presence  of  the  depletion  regions 
surrounding  the  centers  of  the  clusters,  the  two  dimensional  nature  of  the  potential 
distribution  is  apparent  from  the  ’potential  dimple’  in  the  vicinity  of  the  anode. 

Figure  4  displays  current  streamlines  in  the  structure.  The  circuitous 
path  of  current  flow  is  one  signature  of  clustering.  In  particular,  notice  the  cathode 
region,  where  the  current  path  is  effectively  blocked  by  the  two  cathode  region 
clusters.  Similarly,  the  anode  region  also  displays  an  area  that  is  effectively  devoid  of 
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current  flow.  It  must  be  remarked  at  this  point  that  the  presence  of  such  an  unusual 
structure  for  current  flow  implies  that  resistance  measurements  may  not  provide  a 
true  estimate  of  the  resistivity  of  the  structure,  as  local  regions  of  low  resistance  may 
be  surrounded  by  other  regions  of  high  resistance.  The  mean  current  density  at  this 
bias  level  was  less  than  160A/cm^. 


Figure  1.  Distribution  of  ionized  acceptors  in  the  structure  at  a  five  volt  bias.  Contour 
values  are  evenly  spaced,  with  7’=  6E17 and  *9*  =  0.0. 


Figpre  2  Distribution  of  electrons  in  the  structure  at  a  five  volt  bias. 
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Figure  3.  Potential  contours  in  the  structure  at  a  five  volt  bias.  Contour  values  are 
evenly  spaced,  with  a  0.265  volt  increment 


Figure  4.  DistribiUion  of  current  streamlines  showing  current  paths  around  acceptor 
clusters. 


Future  Studies 

Future  studies  will  include  a  more  complete  analysis  of  the  trap  kinetics 
coupled  to  multiple  trap  levels.  Detailed  cluster  calculations  will  be  performed  in 
consultation  with  workers  at  IBM.  This  aspect  of  the  problem  has  been  established. 
While  some  effort  has  been  undertaken  to  examine  three-terminal  structures  with 
LT  layers,  no  results  of  any  significance  have  emerged.  These  studies  will  be 
undertaken  in  earnest  during  the  second  year  of  the  study. 
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ABSTRACT 

The  deetiied  dwacteriidei  of  ta  K9«1)N  tfractm  ate  tfwSed  ttraqih  inpleaeataliaa  of  awedcd 
dndafiiMi  tedidqaea  fiir  dn  etas  of  doaor  CopafluB  er  beloir  Aecoadaodoa  baed  and  aoceptor  tnq|»  AS 
eraboiB die nleaoQ bead,  neiesoltf  AaarchatacleritdesaeeddietothBfeladiedeaddeaeClbetn^  b" 
patdcelai;  Idgft  aeoqiitor  Inp  /  loir  doaor  top  coaoeainikas  foaend^  lendt  ia  loir  bceakdoiia  vokage^ 


INTRODUCTION 

The  poipose  of  tUs  dfacosshwi  is  to  bdef^  snmmarte  recent  calcolitions  of  the 
clecbldddiaiMeeifsticsoflowteiiventiiregiowtfiOaAsCLTGaAs).  Thedevloe 
sbkBed  tm  ft  three  mieroa  N(LT)N  stEadnre  iritfi  N  re^bxn  ciinnclefiBed  I7  AdD^ 
doooB  at  10^  ^/cm*:  and  «n  LT  r^jbm  ^efftctedred  tgr  ft  level  of  ftooeplor  tiaps 

of  deosiQr  P|^  located  0l3  ev  above  die  valeaoe  band  PI  and  ft  sidgjte  lend  of  donor  fn^ 
of  dendtjrN^  located  atOjSS  evbeioarthe  coodnedonband. 

Theresateareplaoediatirocategades:  HigWyredtti»eLTregitons(>  10*  ciintcm) 
adlh  (ft)  low  cinreitt  levdh  and  sodden  bveaUonni  and  (b)  higher  coirentleae^ 
gradual  bceakdonn.  Breakdown  duBactedstics  d^end  1900  the  magnftwde  and 
dfetributhm  of  die  fidd.  Bor  I^aeoqifor/ low  donor  flap  coocentgtfions  die  fidds  is 
near  nero  in  die  LT  region  and  qiproadies  breakdown  vahaes  at  die  anode  (JUTjiti 

fhr  nthar  mmhhialkini  tiie  fiflld  pn^  is  COC^ileaL  Ihestoi^snggeslsdnt 
breakdown  eolcigeswffldqieadiyongrowdi  and processing  temperalnres  of  LTOaAs. 

THBGOVERN1N6BQUAXIONS 

ThffipTftf«T«*«fc«<*«A«iMteaqnatinBifaraiadniMandh^ 

(2)  ai«»t+iih<ipA)-o+(<^jOp^,«-ia',^ 

0)  ap,-/»t— ^,“+ejV 

W  aH4+/»t— e<Nd++eiit^ 

Siqieiscripte  denote  iooired  and  nentrai  aooqitea  and  donors  patdde  cnrrents  are: 

(5)  j,— e(BV-Drfi»di4  i^-«(PV-®p8wW 

and  difhisivhies  are  governed  by  die  Einstein  retadoo.  Avalanche  genertdan  (2]  is: 
(Q  0-aJe«p-<b^|F|nij«IA  +  *pIoqp-<V|F|^ 
and  the  emissiv^coefEkients  ej[>^  are: 


«l“«ii(Pd+P«pd»  ®2!"<W^+PV 

^d>  ^BZf  capture  coefficients  [3]:  n^,  p^],  etc,  are  obtained  at  eqoilibrtum.  The 

above  equations  are  coiq>led  diroo£^  Pdsson's  equatioD,  udddi  in  tenns  of  eneigy 

(8)  v*E— icV€K(«»-p)-(Nd+-P,-)I 

The  eneigy  and  potential  are  rdated,  B«-e^;  the  field  inequation  (Q  is  Fb-v^. 

THE  RESULTS 

AU  calculations  were  for  the  figure  1  shallow  doping  distiibntion,  with  the  results 
dqieodent  ipon:  file  Fenni  le^  the  ratios  P|/N^  and  file  trap  den^. 

Low  ^as  ReStdtSU  amt  *»erg  flbfytiMtd  mt  l/w  inar 

lewb  fowl  file  densiqr<fettibntk>nswithhi  the  ftiterhir  of  the  LTt^fan.  Atabiasof  LO 
wfits  the  results  are  fimflar  to  fiiQse  at  aero  Idas.  As  seen  in  table  1,  file  resisfivities 
exceed  10*  ohm-cmfor  donor  tops  at  10**,  and  aooeptor  trips  between  10'^ 
andlO**.  The  positions  of  the  egoflibrium  Fermi  level  (above  fiie  valence  band)  for 
Nd-10* «.  and Na«(10' 10*^  10^«) atel^es)-(afi9Afi3ya4SX respecfii^.  Fbr 
Nd*10'*,  andN«">10^S%  ^O-fiSev.  The  defignafioa  y  ident^  fiie  reg^  as 
p-tjpe;  with  file  m^iiIity<W»nlnatedlyholes>  TdifolAv^Isfiieiaiiizatianoffiietiq^ 
at  LOv.  The  results  inacatefiiatwifitfn  the  insolafiqgLTregionPiP*!^'*'.  ' 


F^ure  LShidloiv  donor  conceatmtuMif  the  N(lJ}Nstntctunei 
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finto  oni  %  is  dgnittean^jr  bdaw  mklgi^  The  lesolls  fionCO  Pa 

vaijriQg from  10^ Van*  to  10**/eai*,  and CQ Pn  >  10**AEm*,  am dbtincfly  dlflEeieHL 
Per P^varying from  10*‘*kn^  mi0**/m^«andatlawmlla8e^diaiganeiitiali^«idiin 
the  LTr^fbm  means  p«P«^  and  n  is  n^jU^^Ue.  AtdevatedUaslevebdectioasam 
heeded  into  die  LT  Kgian  and  tiapped  I7  die  aooqitoaL  At  snffieieo^  h^  bias;  sndi 
the  aooqrter  tnpo  filled  tihere  is  a  ^gniflamt  inoease  in  n,  and  a  significant  ennent 
increase.  The  tAeetde  field  profile  increases  ncatljr  linear^  widi  distance.  Phrdier 
increasesinbiasiesnltinaaalandieamlti|iBcadon.  For  larger  P|^liigjher  bias  is  mqpbed 
to  fiH  the  acoqptoa,  Imt  die  fidd  profile  srifliin  the  stnMtnm  is  still  linear.  The  ideraiit 
profiles  for  tUs  caknladon  at  a  Uas  prior  to  bteakdown  are  shofarn  in  fignre  2,  for 
Pa"10**Acm*.  PorPff  >  id**/cm*,dieldnedaispriniaEil3rdiatof  holesnridiintlie 
aatencebaiid  and  dm  iooired  deep  aoceptoa^atoe  concentration  is  qiproadinat^  two 
orden  of  nngnitnde  bdow  dm  total  trip  dendi^  There  is  near. diaige  iientralitjr  ntiddn 
die  LTr^joneacogiC  at  dm  downstream  (Liyfatedaweiiiicre  a  concentration  of 

ionired  aooqrtor  trips  forms*  iHdi  a  redoction  of  mobde  holes.  There  is  also  a  none 
dieted  ofelectionswfidiin  die  heariif  doped  N  region.  OneobserresdiefoimatioaoC 
a  pn  ^medon  r^ion  as  a  resnit  of  the  trip  dlfoamici*  wUi  the  genesadon  of  a  local  Ugh 
value  of  electric  field.  M  a  reaitwdoHBkb^ooeun  at  lamrvduescf  voltage  for 
OalamrPaStuSf.  TheUghPaStn^isdipiapedinfigareS. 

The  situation  far  N^O  is  qoalitativety  different,  althoo^  there  are  ostensible 
rimflarttW  FoT  escaople  widi  Vcm*  aiMlP|i»10**/cm*  the  fidd  profile  is 

puditath^  rfmflvr  to  fignre  3.  The  difference  is  that  the  aocqitor  ionization  is 
aooonpaniedbgrioniBeddeq>donois»asseeainfignre4.  The  breakdown  diaracleiisdcs 
ate  to  the  stndjr.  The  ritoadon  when  Nd->P|iaBlO**/cm*,  rfiplps 

riMw^rtortoto8tli«t^ipearasaliyhridofdiecalcolatioosoffipires2and3.  Atvoltages 
ip  to  and  near  20  vdts  the  field  dstrdmdoo  is  qnafitadvefy  similar  to  that  of  figure  3* 
•iffcnngt.  Hic  peak  field  is  approzhnatUy  dO  kvfem  less.  Fhrdier  Uas  iocteases  result  in 
modest  dumges  in  the  n  and  p  profites  widdn  die  LT  r^ion,  but  an  increasing  share  of 
the  voltage  drop  across  the  LTr^fen.  Breakdown  ocents  at  imidiUghavUtagelevds. 
The  current  voUageeharaeterv^  for  a  odea  set  of  tre^dmsUes  are  di^U^  in  figure 
<  The  trap dmdtydependetroerfbreeUkmnisdtominteMeX 
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PigunZ  (t^TaUi  andktixeitnp distribuSonatabktt cf  45  V.  (2b),  Distribudonpf 
dcctmuwid  holts. 
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SUMMARY 

The  ooDdnskn  of  tibb  stndbr  b  tiiat  die  dectzical  dianderistics  of  N(LT)N  stEoctotes  are 
dq>endeiitina¥eqrieariti»ear»yottdie<fistiibatioaoftnps.  The  cakalations  stronger 
suggest  that  for  N(LON  stmctnres,  the  low  voUage  and  hig^  voltage  dectrical 
diaracteilstics  nugr  a  signatnre  of  die  relative  density  of  donor  and  aooqrtor 

tn^  Of  parricnlarintyoctanoe  is  die  development  of  pn  [4]  joncthm  behavior  and  low 
tneafcdown  voltages  for  aooqMor  tap  dcsnlnated  material.  It  is  andc^nted  that  the 
detaib  of  the  resohs  wffl  dqiend  1900  dw  dopiog  levels  of  the  diallow  dadding  r^lons; 
preUnrinaiy  stnifieSk  howe«er«  do  not  reveal  significant  qualitative  dqiendecdes. 
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